the canine cerebrum. In general, their findings indicate that the pial microvessels are more metabolically active than arterioles from either the gray or white matter. To our knowledge, the present study is the first to apply histochemical methodology to describe the metabolic profiles of normal mammalian spinal cord arteries and arterioles.
Methods Eight normal adult Long-Evans female rats were anesthetized with intraperitoneal injections of sodium pentobarbital (200 mg/kg body weight). In four of these animals, the thorax was opened and each animal was perfused through the left ventricle with 10% buffered neutral formalin. Then, segments of spinal cord were surgically removed from the mid-thoracic region from both the perfused and non-perfused animals. The segments of spinal cord from the non-perfused animals were quicky frozen in isopentane, cooled in an acetone-dry ice mixture at -45°C, then mounted on cryostat chucks and sectioned at 6 microns on an American Optical microtome-cryostat at -15°C. Tissue samples from the perfused animals were transferred to absolute alcohol, routinely processed for paraffin embedding, and sections cut at 4 microns.
Selected enzymes or components of key metabolic pathways in the arterial and arteriolar walls of the rat SUMMARY Spinal cord arteries and arterioles of adult female rats were examined histochemically to determine their metabolic profiles. The metabolic pathways evaluated included those related to aerobic (oxidative phosphorylation, Kreb's cycle and respiratory chain) and anaerobic (glycolysis) capacity, hexosemonophosphate-shunt activity, beta-oxidation of fat and adenosine triphosphate utilization. The amounts of deoxyribonucleic and ribonucleic acids were determined as an indication of protein synthesis. The present findings indicate that arteries of the rat spinal cord are metabolically active with high capacities for both aerobic and anaerobic metabolism, and possess a significant potential for nucleic acid and protein synthesis. Lipid catabolism, via beta-oxidation of fat, may serve as one source of energy. The arteries also demonstrate a high capacity for utilization of adenosine triphosphate. In contrast, the spinal cord arterioles show a lower capacity for aerobic metabolism and lipid utilization, while anaerobic glycolysis may be a main source of energy. The arterioles also demonstrate a significant potential for nucleic acid and protein synthesis, in addition to a high capacity for adenosine triphosphate utilization. Arterioles 0 to ± +3 0 to ± ± to + 1 + 3 to + 4 0 to ± trace reactivity: + 1 = slight reactivity; +2 = moderate reactivity: +3 = strong spinal cord were histochemically examined. For evaluation of aerobic metabolic capacity (oxidative phosphorylation, Kreb's cycle and respiratory chain), the enzymes succinate, malate, NAD-isocitrate and glutamate dehydrogenases, cytochrome oxidase and ubiquinone, were chosen. To evaluate capacity of the hexose-monophosphate-shunt, 6-phosphogluconate and glucose-6-phosphate dehydrogenases were selected. Also in this pathway, diphosphopyridine (DPN) diaphorase was observed as an indicator of transhydrogenase activity. 10 For anaerobic glycolytic capacity, the enzymes alpha-glycerophosphate dehydrogenase and lactate dehydrogenase, and the substrate, glycogen, were examined. As an indication of ability to utilize lipids, the activity of Gomori's lipase, betahydroxybutyrate dehydrogenase and the amounts of neutral fat and free fatty acids were ascertained. As an index of ability to break high-energy phosphate bonds, and in the case of myosin adenosine triphosphatase (ATPase), to also utilize adenosine triphosphate (ATP) for contraction, the activities of Wachstein-Meisel (nonmyosin) and myosin ATPases were appraised. Finally, as an indication of protein synthesis, the amounts of deoxyribonucleic and ribonucleic acids were histochemically assessed.
Enzymes
The fresh-frozen cryostat sections were used to demonstrate succinate (SDH), malate (MDH), NADisocitrate (ICDH), glutamate (GDH), lactate (LDH), alpha-glycerophosphate (a-GPDH), beta-hydroxybutyrate (0-HBDH), 6-phosphogluconate (6-PGDH), and glucose-6-phosphate (G-6-PDH) dehydrogenases. The dehydrogenases were demonstrated using the substrate solutions as outlined by Pearse" with nitro blue tetrazolium (nitro BT) as the tetrazolium salt and incubated for 45-60 minutes at 37°C. DPN diaphorase, Gomori's lipase, ubiquinone, cytochrome oxidase (CO) and myosin ATPase (M-ATPase) and Wachstein-Meisel nonmyosin ATPase (W-M-ATPase) were also demonstrated from frozen sections. DPN diaphorase was determined using a modified nitro BT method of Nachlas and co-workers, 12 while Gomori's lipase was done using the Tween method, specifically employing Tween's 60 and 80." Ubiquinone activity was shown using 3-(4,5-dimefhylthiazol-2-y)-2,5-diphenyl-2H-tetrazolium bromide (MTT) as the tetrazolium salt with incubation for 20 minutes at 37°C." The cytochrome oxidase procedure of Burstone 13 was employed using p-aminodiphenylamine and naphthol AS-L3G with and without the addition of cytochrome C to the substrate. Incubation was carried out for 3 hours at room temperature, followed by transfer of the tissue sections to 1% cobalt acetate in 10% formalin for 1 hour. For myosin ATPase, the Padykula-Herman method was used as outlined by Pearse.
14 Incubation was carried out for 20 minutes at 37°C. The Wachstein-Meisel (nonmyosin) ATPase was demonstrated using Pearse's 14 modification with incubation for 35 minutes at 37°C. Controls for each of the enzymatic reactions consisted of omission of specific substrates, exposure of the cold sections to boiling formalin vapor for 10 minutes or, where appropriate, the addition of sodium azide (2 moles) or potassium cyanide (2 moles) to the final incubation medium as a respiratory inhibitor. Sections were examined with and without counterstain (2% aqueous methyl green).
Substrates
The thrree substrates, glycogen, neutral fat and free fatty acids were also demonstrated. Glycogen was determined from paraffin sections employing the periodic acid-Schiff (PAS) reaction with salivary amylase digestion for diastase-labile glycogen. 15 Some sections were counterstained with a 0.5% solution of aqueous methyl green. Neutral fat was demonstrated from frozen cryostat sections utilizing Lillie's Oil Red O method and the Sudan Black B techniques. I6 Free fatty acids were determined using a modification of the Holczinger method. 15 Some sections were counterstained for 10-15 seconds in Harris' hematoxylin. Controls for neutral fat and free fatty acid determination consisted of preextraction of tissue sections with hot acetone for 30 minutes.
Nucleic Acids
Employing paraffin sections, the methyl green (chloroform extracted) pyronine method 17 was used to differentiate between deoxyribonucleic acid (DNA) (green) and ribonucleic acid (RNA) (red). In addition, some sections were incubated in a 0.5% aqueous solution of ribonuclease (type III, chromatographically homogeneous, Sigma Chemical Company, St. Louis, MO) or in distilled water for 1-3 hours at 37°C and stained with Azure B at pH 4.2 for the localization of ribonucleic acid. 18 19 For each reaction, approximately 50 spinal cord arteries (most arteries are seen immediately adjacent to and on the surface of the cord) and 50 spinal cord arterioles within the white and gray matter, respectively, were photographed using 35 mm Kodak Panatomic X film with no filtration. All photographs were taken at the same light intensity and magnification and the vessels compared for staining density. graphic development time and temperature were maintained as constant as possible. As all paraffin sections and all frozen sections were cut at the same thickness, respectively, the variations in staining intensity could not be attributed to differences in substrate penetrability, unless the physical consistency of cytoplasm composing the smooth muscle of macro-and microvessels varies between arteries and between arterioles, which is highly unlikely. Vessel diameters were determined from measurements made directly from photographic prints or by utilization of the eyepiece micrometer.
Although there is no universally accepted classification of microcirculatory components, in the present study, vessels with diameters less than 80 microns were considered to be microvessels (arterioles), while vessels with diameters greater than 80 microns were considered to be arteries.
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Results No histochemical differences were observed between spinal cord arteries immediately outside of the cord and arteries within the white or gray matter. Likewise, no histochemical differences were discerned between spinal cord arterioles within the white and gray matter. However, there were significant histochemical differences between the spinal cord arteries and the arterioles. The pooled data from the arteries and arterioles, respectively, are summarized below and in tables 1 and 2.
Enzymes
Succinate, malate, NAD-isocitrate, ubiquinone ( fig. 1, 2 ) and cytochrome oxidase, enzymes chosen to assess aerobic metabolism, demonstrated greater reactivity in spinal cord arteries than arterioles. An exception was glutamate dehydrogenase, which showed slightly more activity in arterioles than arteries. Lactate dehydrogenase, an enzyme utilized to evaluate anaerobic metabolic capacity, showed similar reactivity in arteries and arterioles ( fig. 3,4) . Alpha-glycerophosphate dehydrogenase, also used to assess anaerobic metabolism, demonstrated slightly greater activity in arteries than arterioles. Glucose-6-phosphate dehy-
TABLF. 2 Histochemistry of Substrates and Nucleic Acids in Rat Spinal Cord Arteries and Arterioles
Free Neutral tatty Glycogen fat acids DNA RNA Arteries + 2 to + 3 0 to ± + 2 to + 3 ± to + 1 ± to + 1
Arterioles + 2 to + 3 0 to ± 0 to ± ± to + 1 ± to + 1
Intensity of reaction: 0 = No discernible reaction; ± = trace reactivity; + 1 = slight reactivity; + 2 = moderate reactivity; + 3 = strong reactivity.
L FIGURE 1. The spinal cord arterial wall (asterisks) show strong reactivity for ubiquinone. Note lumen (L) of artery. Calibration bar = 10 fj.m. MTT method as outlined in Pearse (1972).
drogenase, the enzyme catalyzing the initial reaction in the hexose-monophosphate-shunt and DPN diaphorase, an enzyme reflecting transhydrogenase activity in the shunt, exhibited somewhat greater activity in spinal cord arteries than arterioles while 6-phosphogluconate dehydrogenase showed trace reactivity in both arteries and arterioles. Beta-hydroxybutyrate dehydrogenase, used as an indicator of beta-oxidation of fats, demonstrated trace to slight reactivity in arteries, but no activity in arterioles. No lipase activity was seen in spinal cord arteries or arterioles. Myosin ATPase showed somewhat more activity in arteries than arterioles, while Wachstein-Meisel ATPase demonstrated slightly more activity in arterioles than arteries.
Substrates
Glycogen, used as an indicator of anaerobic glycolysis, demonstrated nearly identical diastase-labile PAS reactivity in spinal cord arteries and arterioles. Neutral fat, as demonstrated by Lillie's Oil Red O technique and by the Sudan Black B method, appeared present in trace amounts in both arteries and arterioles. Free fatty acids were present in considerably greater amounts in arteries than arterioles (figs. 5, 6).
Nucleic Acids
Deoxyribonucleic and ribonucleic acids were present in trace to slight amounts in both arteries and arterioles. Prior digestion with ribonuclease abolished any ribonucleic acid activity.
Discussion
Findings in the present study in the rat show that the enzymes used to evaluate aerobic metabolism, i.e., succinate, malate, and NAD-isocitrate dehydrogenases and ubiquinone and cytochrome oxidase, with the exception of glutamate dehydrogenase, demonstrate stronger reactivity in spinal cord arteries than arterioles. In particular, it is interesting to note that the oxidative enzyme showing the greatest differential.
NAD-isocitrate dehydrogenase, is regarded as a ratelimiting enzyme in total Kreb's cycle activity. Although 6-phosphogluconate dehydrogenase, an enzyme of the hexose-monophosphate-shunt, demonstrates little activity in both spinal cord arteries and arterioles, glucose-6-phosphate dehydrogenase, the enzyme catalyzing the initial reaction of the shunt and which represents the gateway by which glucose may enter this metabolic pathway, exhibits somewhat greater activity in arteries than arterioles. In addition, DPN diaphorase, an enzyme reflecting transhydrogenase activity, 10 the latter which is thought to be directly proportional to the total energy contribution of the hexose-monophosphate-shunt in a tissue, shows slightly more activity in arteries than arterioles. The hexose-monophosphate-shunt is the sole cellular source of ribonucleotides necessary for protein synthesis. Moreover, deoxyribonucleic and ribonucleic acids occur in trace to slight amounts in both rat spinal cord arteries and arterioles which suggests a stable cell population with little vascular proliferation. However, the high-levels of glucose-6-phosphate dehydrogenase observed in the spinal cord arteries, and the only slightly less activity seen in the arterioles, imply a significant potential for nucleic acid and protein synthesis in both types of vessels. The intense reaction for lactate dehydrogenase and the presence of considerable glycogen, despite lower reactivity for alpha-glycerophosphate dehydrogenase, indicate significant anaerobic glycolytic capacity in both spinal cord arteries and arterioles. In addition, the strong reactivity for glucose-6-phosphate dehydrogenase, together with the high glycogen levels, suggest that the hexose-monophosphate-shunt may participate in the maintenance of vascular wall tone. 9 Based on the present data, it is unclear as to what degree fat catabolism serves as an energy source for rat spinal cord arterial and arteriolar smooth muscle. In the arteries, the presence of slight, but significant amounts of beta-hydroxybutyrate dehydrogenase, the high concentration of free fatty acids, and the occurrence of little neutral fat, strongly suggest beta-oxidation of fat as a major energy source, and preference for lipid as a metabolic substrate. Conversely, the absence of lipase activity in these arteries contradicts the presence of a system geared for fat catabolism. In the arterioles, no beta-hydroxybutyrate dehydrogenase and lipase activity, together with trace to no reactivity for free fatty acids and neutral fat indicate the absence of beta-oxidation and little lipid catabolism. The intense activities for both myosin and Wachstein-Meisel ATPases in rat spinal cord arteries and arterioles suggest a significant capacity for utilization of generated adenosine triphosphate. In the present study, the adenosine triphosphate present in arterial smooth muscle probably derives via aerobic pathways, while in the arterioles, which in general demonstrate much lower oxidative enzyme reactivity, this high energy compound is likely produced by an oxygen-independent, albeit inefficient, mechanism such as anaerobic glycolysis.
In the only other histochemical study, of which we are aware, reporting the metabolic profiles of central nervous system microvasculature, Cook and associates 9 analyzed microvessels in the gray and white matter and the pia of the canine cerebrum. Their findings show that pial microvessels are the most active with high capacities for aerobic and anaerobic metabolism, lipid catabolism and hexose-monophosphate-shunt reactivity, when compared with arterioles of the gray and white matter. Microvessels of the white matter are the least active. In addition, the arterioles from all three areas of the canine cerebrum are rich in myosin ATPase. In the present study in the rat, the spinal cord arteries appear metabolically most similar to the pial arterioles of the canine cerebrum, despite significant quantitative differences in enzymes associated with lipid catabolism. The differences in lipid catabolizing enzymes may well reflect species variation. Furthermore, since Cook and co-workers 9 found metabolic dissimilarities between pial and parenchymal microvessels in the same animal, differences in metabolic profiles between rat spinal cord vessels and dog cerebral microvasculature might well be expected. Lastly, a variance in vessel size between the rat and dog, i.e., vessels categorized as arteries in the rat spinal cord in the present study, would in some instances be classified as arterioles in the canine cerebrum by Cook and associates, 9 might also account for differences in enzyme and substrate reactivity.
In summary, the arteries in the rat spinal cord are metabolically active vessels with a high capacity for aerobic as well as anaerobic metabolism, and possess a significant potential for nucleic acid and protein synthesis. Lipid catabolism, via beta-oxidation of fat, may function as one source of energy, in addition to a high capacity for the utilization of adenosine triphosphate. In contrast, rat spinal cord arterioles exhibit a lower capacity for aerobic metabolism and lipid utilization, while anaerobic glycolysis may be a main source of energy. The arterioles also demonstrate a significant potential for nucleic acid and protein synthesis, and a by guest on October 30, 2017 http://stroke.ahajournals.org/ Downloaded from high capacity for adenosine triphosphate utilization.
The normal spinal cord demands an adequate blood supply. Furthermore, following spinal cord trauma, maintenance of vascular flow to the tissue is critical if any salvageable sensory-motor activity is to be preserved. 22 In addition, spinal cord vasculature, in particular arterioles, responds to alterations in pH, vasoactive amines, lactate, PC0 2 , etc., 3 -9 - 22 and these alterations may well be mediated through effects on enzyme systems within the vascular wall. If this premise is correct, it would be profitable to undertake further study of the metabolic pathways utilized by spinal cord arteries and arterioles.
